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RATE REGULARIZATION OF CARDIAC PACING FOR 
DISORDERED BREATHING THERAPY 

RELATED PATENT DOCUMENTS 

5 

This application claims the benefit of Provisional Patent Application Serial No. 
60/504,382, filed on September 18, 2003, entitled "OVERDRIVE PACING THERAPY 
FOR DISORDERED BREATHING," under attorney docket GUID.128P1 to which 
priority is claimed pursuant to 35 U.S.C. §1 19(e) and which is hereby incorporated 
10 herein by reference in its entirety. 

FIELD OF THE INVENTION 

The present invention relates generally to providing cardiac pacing therapy for 
15 disordered breathing. 

BACKGROUND OF THE INVENTION 

Disordered breathing refers to a wide spectrum of respiratory conditions that 
involve disruption of the normal respiratory cycle. Although disordered breathing 

20 typically occurs during sleep, the condition may also occur while the patient is awake. 
Respiratory disruption can be particularly serious for patients concurrently suffering 
from cardiovascular deficiencies, such as congestive heart failure. Unfortunately, 
disordered breathing is often undiagnosed. If left untreated, the effects of disordered 
breathing may result in serious health consequences for the patient. 

25 Various types of disordered respiration have been identified, including, for 

example, apnea, hypopnea, dyspnea, hyperpnea, tachypnea, and periodic breathing, 
including Cheyne-Stokes respiration (CSR). Apnea is a fairly common disorder 
characterized by periods of interrupted breathing. Apnea is typically classified based on 
its etiology. One type of apnea, denoted obstructive apnea, occurs when the patient's 
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airway is obstructed by the collapse of soft tissue in the rear of the throat. Central apnea 
is caused by a derangement of the central nervous system control of respiration. The 
patient ceases to breathe when control signals from the brain to the respiratory muscles 
are absent or interrupted. Mixed apnea is a combination of the central and obstructive 
5 apnea types. Regardless of the type of apnea, people experiencing an apnea event stop 
breathing for a period of time. The cessation of breathing may occur repeatedly during 
sleep, sometimes hundreds of times a night and sometimes for a minute or longer. 

In addition to apnea, other types of disordered respiration have been identified, 
including hypopnea (shallow breathing), tachypnea (rapid breathing), hyperpnea 

10 (heavy breathing), and dyspnea (labored breathing). Combinations of the respiratory 
cycles described above may be observed, including, for example, periodic breathing 
and Cheyne-Stokes breathing. Periodic breathing is characterized by cyclic 
respiratory patterns that may exhibit rhythmic rises and falls in tidal volume. Cheyne- 
Stokes respiration is a specific form of periodic breathing wherein the tidal volume 

15 decreases to zero resulting in apneic intervals. The breathing interruptions of periodic 
breathing and CSR may be associated with central apnea, or may be obstructive in 
nature. CSR is frequently observed in patients with congestive heart failure (CHF) and 
is associated with an increased risk of accelerated CHF progression. Because of the 
cardiovascular implications, therapy for respiration-related sleep disorders is of 

20 particular interest. 
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SUMMARY OF THE INVENTION 

Various embodiments of present invention involve methods and systems for 
providing disordered breathing therapy. One embodiment of the invention provides a 
5 method for delivering disordered breathing therapy. Cardiac intervals between cardiac 
beats are obtained. A first indicated pacing interval is determined based at least on a 
cardiac interval duration and a previous value of the first indicated pacing interval. 
Cardiac pacing to mitigate disordered breathing is provided based on the first indicated 
pacing interval. 

1 0 Another embodiment of the invention involves a system for delivering 

disordered breathing therapy. The system includes a sensing circuit configured to 
sense cardiac beats. A controller is coupled to the sensing circuit. The controller is 
configured to determine a first indicated pacing interval based at least on a cardiac 
interval duration and a previous value of the first indicated pacing interval. A cardiac 

1 5 pacing circuit coupled to the controller is configured to provide cardiac pacing to 
mitigate disordered breathing based on the first indicated pacing interval. 

The above summary of the present invention is not intended to describe each 
embodiment or every implementation of the present invention. Advantages and 
attainments, together with a more complete understanding of the invention, will 

20 become apparent and appreciated by referring to the following detailed description and 
claims taken in conjunction with the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a partial view of an implantable medical device that may be used for 
coordinated patient monitoring, diagnosis, and/or therapy in accordance with an 
5 embodiment of the invention; 

Figure 2 is a graph of a respiration signal measured by a transthoracic 
impedance sensor that may be utilized in connection with providing cardiac pacing 
therapy for disordered breathing in accordance with embodiments of the invention; 

Figure 3 is a block diagram of a medical system that may be used to provide 
10 cardiac pacing therapy for treating disordered breathing in accordance with 
embodiments of the invention; 

Figures 4 and 5 are block diagrams illustrating a controller configured to receive 
one or more inputs for modifying the rate at which cardiac pacing for disordered 
breathing is delivered in accordance with embodiments of the invention; 
15 Figures 6-8 are signal flow diagrams illustrating pacing rate adjustment in 

accordance with embodiments of the invention; 

Figure 9 is a block diagram illustrating a controller that includes several different 
inputs to modify the rate at which pacing or other therapy is delivered based on 
disordered breathing detection in accordance with embodiments of the invention; 
20 Figures 10 and 1 1 are graphs illustrating modification of a pacing rate in 

accordance with embodiments of the invention; and 

Figure 12 is a graph illustrating a method of using at least one of coefficients a 
and b as a function of one or more previous cardiac intervals in accordance with 
embodiments of the invention. 
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While the invention is amenable to various modifications and alternative forms, 
specifics thereof have been shown by way of example in the drawings and will be 
described in detail below. It is to be understood, however, that the intention is not to 
limit the invention to the particular embodiments described. On the contrary, the 
5 invention is intended to cover all modifications, equivalents, and alternatives falling 
within the scope of the invention as defined by the appended claims. 
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DETAILED DESCRIPTION OF VARIOUS EMBODIMENTS 

In the following description of the illustrated embodiments, references are made 
to the accompanying drawings that form a part hereof, and in which are shown by way 
5 of illustration, various embodiments by which the invention may be practiced. It is to 
be understood that other embodiments may be utilized, and structural and functional 
changes may be made without departing from the scope of the present invention. 

A significant percentage of patients between the ages of 30 and 60 years 
experience some symptoms of disordered breathing. Although disordered breathing 

10 may occur while the patient is awake, it more often occurs during sleep. Sleep 
disordered breathing is associated with excessive daytime sleepiness, systemic 
hypertension, increased risk of stroke, angina and myocardial infarction. Disordered 
breathing is particularly prevalent among congestive heart failure patients, and may 
contribute to the progression of heart failure. 

15 Various therapies have been used to treat central and/or obstructive disordered 

breathing episodes. Obstructive sleep apnea has been associated with prolapse of 
the tongue and its surrounding structure into the pharynx, thus occluding the 
respiratory pathway. A commonly prescribed treatment for obstructive apnea is 
continuous positive airway pressure (CPAP). A CPAP device delivers air pressure 

20 through a nasal mask worn by the patient. The application of continuous positive 
airway pressure keeps the patient's throat open, reducing or eliminating the 
obstruction causing apnea. 

Prolapse of the tongue muscles has been attributed to diminishing 
neuromuscular activity of the upper airway. A treatment for obstructive sleep apnea 

25 involves compensating for the decreased muscle activity by electrical activation of the 
tongue muscles. The hypoglossal (HG) nerve innervates the protrusor and retractor 
tongue muscles. An appropriately applied electrical stimulation to the hypoglossal 
nerve, for example, prevents backward movement of the tongue, thus preventing the 
tongue from obstructing the airway. 
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Cardiac stimulation may be used as a therapy for disordered breathing. 
Therapy methods for disordered breathing based on cardiac electrical stimulation are 
described in commonly owned U.S. Patent Application Serial Number 10/643,203 
(Docket Number GUID.059PA), filed on August 18, 2003, and U.S. Patent Application 
5 Serial Number 10/643,154 (Docket Number GUID.103PA), filed on August 18, 2003 
both of which are incorporated by reference herein. Cardiac electrical stimulation 
therapy for disordered breathing may comprise an adaptive therapy. Such a therapy 
may be adapted, for example, to achieve an overall level of therapy efficacy, patient 
comfort, sleep quality, to prevent interaction with other patient therapies, or to prolong 

1 0 device service life, among other factors. 

Overdrive pacing comprises pacing one or more heart chambers at a rate 
higher than an intrinsic rate. In accordance with embodiments of the invention, 
therapy to mitigate disordered breathing involves overdrive cardiac pacing of one or 
more atria and/or one or more ventricles as treatment for disordered breathing. 

15 When operating in the overdrive pacing mode, a cardiac rhythm management 

device may deliver pacing pulses at a pacing preference (PP) rate that is a small 
amount above the intrinsic heart rate. If intrinsic beats are detected, the PP rate may 
be increased until it becomes slightly faster than the intrinsic heart rate of the sensed 
beat. The PP rate may then be gradually decreased to search for the intrinsic heart 

20 rate. After an intrinsic beat is sensed, the PP rate may be increased until the pacing 
rate is a small amount above the intrinsic heart rate. 

In one implementation, a CRM device may be switched to operate in the 
overdrive pacing mode upon detection or prediction of disordered breathing. In 
another implementation, the CRM device may be switched to operate in the overdrive 

25 pacing mode following a determination that the patient is asleep. In yet another 
implementation, characteristics of the disordered breathing are used to develop an 
indicated pacing interval. The description that follows involves atrial overdrive pacing 
in the AAI(R) or DDD(R) modes. It will be appreciated that similar techniques may be 
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implemented to effect ventricular overdrive pacing in the VVI(R) mode or overdrive 
pacing in a biventricular mode. 

Figure 1 is a partial view of an implantable medical device that may be used to 
implement overdrive cardiac pacing for disordered breathing therapy in accordance 
5 with embodiments of the invention. The implantable device illustrated in Figure 1 
represents a cardiac rhythm management device (CRM) 100 that includes an 
implantable pulse generator 105 electrically and physically coupled to an intracardiac 
lead system 1 10. Portions of the intracardiac lead system 1 10 are inserted into the 
patient's heart 190. In the illustrated embodiment, the intracardiac lead system 110 

10 includes one or more electrodes 141 — 142, 151 — 155 configured to sense electrical 
cardiac activity of the heart and/or provide electrical stimulation to the heart. Portions 
of the housing 101 of the pulse generator 105 may optionally serve as a can electrode. 

Communications circuitry is disposed within the housing 101 for facilitating 
communication between the pulse generator 105 and an external communication 

15 device, such as a portable or bed-side communication station, patient-carried/worn 
communication station, or external programmer, for example. The communications 
circuitry can also facilitate unidirectional or bidirectional communication with one or 
more external, cutaneous, or subcutaneous physiologic or non-physiologic sensors, 
patient-input devices and/or information systems. 

20 The lead system 110 of the CRM 100 may incorporate a transthoracic 

impedance sensing system that may be used to sense the patient's respiration. The 
transthoracic impedance sensing system may include, for example, one or more 
intracardiac impedance electrodes 131—133 positioned in one or more chambers of 
the heart 190 and impedance drive/sense circuitry 130 within the housing of the pulse 

25 generator 105. 

Various methods and systems for implementing impedance measurements in a 
cardiac rhythm management device are described in commonly owned U.S. Patents 
6,463,326, 6,161,042, 6,076,015 which are incorporated herein by reference. 
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In one implementation, impedance driver circuitry 130 induces a current that 
flows through the blood between an impedance drive electrode 133 and a can 
electrode on the housing 101 of the pulse generator 105. The voltage at the 
impedance sense electrodes 131 , 132 relative to the can electrode changes as the 
5 patient's transthoracic impedance changes. The voltage signal developed between 
the impedance sense electrode 131 , 132 and the can electrode is detected by the 
impedance sense circuitry 130. 

The voltage signal developed at the impedance sense electrode, 131 , 132 
illustrated in Figure 2, is proportional to the patient's transthoracic impedance. 

10 Transthoracic impedance increases during respiratory inspiration and decreases 

during respiratory expiration. The peak-to-peak transition of the impedance, illustrated 
in Figure 2, is proportional to the amount of air moved in one breath, denoted the tidal 
volume. The amount of air moved per minute is denoted the minute ventilation. 
In one embodiment, the patient's transthoracic impedance may be used to 

15 detect and/or predict disordered breathing episodes. Other patient conditions may 
alternatively or additionally be used for disordered breathing detection and/or 
prediction. The patient conditions may be acquired through the use of patient internal 
sensors, patient-external sensors, patient-input devices, and/or other information 
systems including network-based systems. The sensors, devices, and systems used 

20 to acquire patient condition information may be incorporated into the CRM device, or 
may be located remote from the CRM device. Communication between the CRM 
device and the sensors, devices, and systems used to acquire patient condition 
information may be accomplished through a wired connection, or through a wireless 
link such as a Bluetooth or proprietary wireless communications link. 

25 Methods and systems for detecting and predicting disordered breathing are 

described in commonly owned U.S. Patent Application Serial Numberl 0/309,770, 
(Docket Number GUID.054PA), filed December 4, 2002 and commonly owned U.S. 
Patent Application Serial Number 10/643,016, (Docket Number GUID.088PA), filed 
August 18, 2003, both of which are incorporated herein by reference. 
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As previously discussed, the lead system 1 10 of the CRM 100 may include one 
or more pace/sense electrodes 141, 142, 151 — 155 positioned in one or more heart 
chambers for sensing electrical signals from the patient's heart 190 and/or delivering 
pacing pulses to the heart 190. The sense/pace electrodes 151—155 may be used to 
5 sense and/or pace one or more chambers of the heart, including the left ventricle, the 
right ventricle, the left atrium and/or the right atrium. The lead system 110 may include 
one or more defibrillation electrodes 141, 142 for delivering defibrillation/cardioversion 
shocks to the heart. 

The pulse generator 105 may include circuitry for detecting cardiac arrhythmias 

10 and for providing therapy in the form of electrical stimulation delivered to the heart 
through the lead system 110. The pulse generator 105 may also include a disordered 
breathing processor 130 for detecting and/or predicting disordered breathing in 
accordance with embodiments of the invention. 

Figure 3 is a block diagram of a CRM 300 that may be used to provide cardiac 

1 5 pacing for disordered breathing therapy in accordance with embodiments of the 

invention. The CRM 300 may represent various types of cardiac rhythm management 
devices, including pacemakers, defibrillators, cardioverters, bi-ventricular pacemakers, 
and/or cardiac resynchronization devices, among others. Various components of the 
CRM 300 may be enclosed within a housing 310 that may be implanted or positioned 

20 external to the patient. 

The CRM 300 includes electrodes 302 electrically coupled to the heart for 
sensing electrical activity of the heart and/or delivering electrical stimulation energy to 
the heart. The cardiac electrodes 302 may sense and/or pace one or more of the right 
atrium, left atrium, right ventricle, and left ventricle. 

25 The CRM 300 may acquire information about conditions affecting the patient 

from the cardiac electrodes 302, the one or more sensors 304, patient input devices 
305, and/or information systems 306. The patient conditions may be used to detect 
disordered breathing, predict disordered breathing, detect sleep, determine therapy 
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interactions, determine therapy effectiveness and/or to detect or determine other 
factors relevant to delivering pacing therapy for disordered breathing. 

A signal processor 320 may be used to condition the signals received from the 
electrodes 302, sensors 304 input devices 305, and/or information systems 306. The 
5 signal processor 320 may include, for example, drive circuitry for activating the 

sensors, as well as filters, amplifiers, and/or A/D conversion circuitry for conditioning 
the sensor signals. 

The CRM device 300 may include a memory 360 used to store appropriate 
information and/or acquired data related to the monitoring, diagnosis and/or therapy 

10 delivery functions of the CRM device. The stored information and/or data may be 
periodically transferred to a remote device for further analysis and/or display. 

The CRM device 300 may further include a disordered breathing (DB) 
detection/prediction unit 330 with components for detecting 332 and/or predicting 334 
disordered breathing events. The DB detection/prediction unit 330 may acquire 

1 5 information related to the severity, duration, frequency and/or type of disordered 
breathing experienced by the patient. Control signals provided by the DB 
detection/prediction unit 330 to the cardiac therapy unit 340 may be used to adjust 
pacing therapy as described in more detail below. The pacing therapy may be 
adjusted based on detection of disordered breathing, predication of disordered 

20 breathing, severity, frequency, duration, and/or type of disordered breathing, or on 
other conditions related to disordered breathing. 

In the embodiment illustrated in Figure 3, the cardiac therapy unit 340 includes 
a pacemaker 342 that provides cardiac pacing therapy to one or more atria and/or one 
or more ventricles of the heart. The controller 343 controls the pacing therapy 

25 provided by the pacemaker. The controller 343 may initiate, modify or terminate the 
pacing therapy delivered by the pacemaker 342. The cardiac therapy unit 340 may 
further include an arrhythmia detector 344 to detect abnormal heart rhythms such as 
ventricular tachycardia or ventricular fibrillation. Upon detection of an abnormal 
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rhythm, a defibrillator 346 may deliver a high energy electrical stimulation to the heart 
to terminate or mitigate the arrhythmia. 

The CRM 300 may include a communications unit 380 for communicating with 
one or more separate devices, such as a device programmer 385, or other patient- 
5 external or patient-internal devices. Communication between cooperating devices 
allows the CRM 300 to provide information to separate devices that may be used for 
monitoring, diagnosis and/or therapy adjustment. 

Figure 4 is a block diagram illustrating a pacemaker controller 425 in 
accordance with embodiments of the invention. The pacemaker controller 425 uses 

1 0 signals from several different inputs to modify the rate at which pacing or other therapy 
is delivered. For example, Input #1 may provide information about atrial heart rate, 
Input #2 may provide information about ventricular heart rate, Input #3 may provide an 
accelerometer-based indication of activity, and Input #4 may provide an impedance- 
based indication of respiration, such as minute ventilation. Based on at least one of 

1 5 these and/or other inputs, controller 425 provides an output indication of pacing rate as 
a control signal delivered to a therapy delivery circuit, such as to one or more of an 
atrial therapy delivery circuit and a ventricular therapy delivery circuit. 

Atrial and ventricular therapy delivery circuits issue pacing pulses based on one 
or more such control signals received from controller 425. Control of the pacing rate 

20 may be performed by controller 425, either alone or in combination with peripheral 

circuits or modules, using software, hardware, firmware, or any combination of the like. 
The software embodiments provide flexibility in how inputs are processed and may 
also provide the opportunity to remotely upgrade the device software while still 
implanted in the patient without having to perform surgery to remove and/or replace 

25 the device. 

In various embodiments, a CRM device provides cardiac pacing therapy to treat 
disordered breathing. The CRM device obtains intervals between successive sensed 
or evoked atrial beats. The CRM device computes a new first indicated pacing interval 
based at least in part on the duration of a cardiac interval and a previous value of the 
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first indicated pacing interval. In various implementations, the cardiac interval duration 
used to compute the new first indicated pacing interval may comprise a previous 
cardiac interval duration or a most recent cardiac interval duration. The CRM device 
provides pacing therapy delivered at a rate corresponding to the inverse of the 
5 duration of the first indicated pacing interval. 

Figure 5 is a block diagram illustrating one conceptualization of portions of the 
controller 425 used to effect overdrive pacing for disordered breathing therapy in 
accordance with embodiments of the invention. The description that follows involves 
atrial overdrive pacing in the AAI(R) or DDD(R) modes. It will be appreciated that 

10 similar techniques may be implemented to effect ventricular overdrive pacing in the 
VVI(R) mode or overdrive pacing in a biventricular mode. 

At least one signal from an atrial sensing circuit is received by atrial event 
module 501, which recognizes the occurrence of atrial events included within the 
signal. Such events are also referred to as "beats," "activations," "depolarizations," "P- 

15 waves," or "contractions." Atrial event module 501 may detect intrinsic events (also 
referred to as sensed events) from the signal obtained from atrial sensing circuit. 
Atrial event module 501 may also detect evoked events (resulting from a pace) either 
from the signal obtained from atrial sensing circuit, or preferably from an atrial pacing 
control signal obtained from pacing control module 505, which also triggers the 

20 delivery of a pacing stimulus by atrial therapy circuit. Thus, atrial events include both 
intrinsic/sensed events and evoked/paced events. 

A time interval between successive atrial events, referred to as an A-A interval, 
is recorded by a first timer, such as A-A interval timer 510. A filter 51 5 computes a 
"first indicated pacing interval," i.e., one indication of a desired time interval between 

25 atrial events or, stated differently, a desired atrial heart rate. The first indicated pacing 
interval is also referred to as an atrial pacing preference (APP) indicated pacing 
interval. In various embodiments, filter 515 includes an averager, a weighted 
averager, a median filter, an infinite impulse (MR) filter, a finite impulse response (FIR) 
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filter, or any other analog or digital signal processing circuit providing the desired 
signal processing described more particularly below. 

In one embodiment, filter 515 computes a new value of the first indicated pacing 
interval (also referred to as the APP-indicated pacing interval) based on the duration of 
5 the most recent A-A interval recorded by timer 510 and on a previous value of the first 
indicated pacing interval stored in first indicated pacing interval register 520. Register 
520 is then updated by storing the newly computed first indicated pacing interval in 
register 520. Based on the first indicated pacing interval stored in register 520, pacing 
control module 505 delivers control signals to atrial therapy circuit for delivering 

10 therapy, such as pacing stimuli, at the APP-indicated atrial heart rate corresponding to 
the inverse of the duration of the first indicated pacing interval. 

Figure 6 is a signal flow diagram illustrating one embodiment of operating filter 
515. Upon the occurrence of a sensed or evoked atrial beat, timer 510 provides filter 
51 5 with the duration of the A-A interval concluded by that beat, which is referred to as 

1 5 the most recent A-A interval (AA n ). Filter 515 also receives the previous value of the 
first indicated pacing interval (T n -i) stored in register 520. The most recent A-A interval 
AA n and the previous value of the first indicated pacing interval T n -i are each scaled by 
respective constants A and B, and then summed to obtain a new value of the first 
indicated pacing interval (T n ), which is stored in register 520 and provided to pacing 

20 control module 505. In one embodiment, the coefficients A and B are different values, 
and are either programmable, variable, or constant. 

If no atrial beat is sensed during the new first indicated pacing interval T n , which 
is measured as the time from the occurrence of the atrial beat concluding the most 
recent A-A interval AA n , then pacing control module 505 instructs atrial therapy circuit 

25 to deliver an atrial pacing pulse upon the expiration of the new first indicated pacing 
interval T n . In one embodiment, operation of the filter is described by T n =A • AA n + B 
• T n .i, where A and B are coefficients (also referred to as "weights"), AA n is the most 
recent A-A interval duration, and T n -i is the previous value of the first indicated pacing 
interval. 
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From these examples, it can be seen that the first indicated pacing interval can 
be calculated using either a sensed or paced terminating event and using either a 
sensed or paced initiating event. 

Initialization of filter 515 includes seeding the filter by storing, in register 520, an 
5 initial interval value. In one embodiment, register 520 is initialized to an interval value 
corresponding to a lower rate limit (LRL), i.e., a minimum rate at which pacing pulses 
are delivered by device. Register 520 could alternatively be initialized with any other 
suitable value. 

In one embodiment, operation of filter 515 is based on whether the beat 

1 0 concluding the most recent A-A interval AA n is a sensed/intrinsic beat or a 

paced/evoked beat. In this embodiment, the pacing control module 505, which controls 
the timing and delivery of pacing pulses, provides an input to filter 515 that indicates 
whether the most recent A-A interval AA n was concluded by an evoked beat initiated 
by a pacing stimulus delivered by CRM device, or was concluded by an intrinsic beat 

15 sensed by atrial sensing circuit. 

In general terms, if the most recent A-A interval AA n is concluded by a 
sensed/intrinsic beat, then filter 515 provides a new first indicated pacing interval T n 
that is adjusted from the value of the previous first indicated pacing interval T n -i. For 
example, the new first indicated pacing interval T n may be decreased by an amount 

20 that is based at least partially on the duration of the most recent A-A interval AA n and 
on the duration of the previous value of the first indicated pacing interval T n -i. If, 
however, the most recent A-A interval AA n is concluded by a paced/evoked beat, then 
filter 515 may provide a new first indicated pacing interval T n that is increased from the 
value of the previous first indicated pacing interval T n -i. For example, the new first 

25 indicated pacing interval T n may be increased by an amount that is based at least 

partially on the duration of the most recent A-A interval AA n and on the duration of the 
previous value of the first indicated pacing interval T n _i. If no atrial beat is sensed 
during the new first indicated pacing interval T n , measured as the time from the 
occurrence of the atrial beat concluding the most recent A-A interval AA n , then pacing 
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control module 505 may instruct the atrial therapy circuit to deliver an atrial pacing 
pulse upon the expiration of the new first indicated pacing interval T n . 

Figure 7 is a signal flow diagram illustrating another conceptualization of 
operating filter 515, with certain differences from Figure 6 more particularly described 
5 below. In this embodiment, the pacing control module 505, which controls the timing 
and delivery of pacing pulses, provides an input to filter 515 that indicates whether the 
most recent A-A interval AA n was concluded by an evoked beat initiated by a pacing 
stimulus delivered by the CRM device, or was concluded by an intrinsic beat sensed 
by a trial sensing circuit. 

10 If the most recent A-A interval AA n was concluded by an intrinsic beat, then the 

most recent A-A interval, AA n , and the previous value of the first indicated pacing 
interval, T n -i, are each scaled by respective constants A and B, and then summed to 
obtain the new value of the first indicated pacing interval T n , which is stored in register 
520 and provided to pacing control module 505. Alternatively, if the most recent A-A 

15 interval AA n was concluded by an evoked/paced beat, then the most recent A-A 
interval AA n and the previous value of the first indicated pacing interval 
T n -i are each scaled by respective constants C and D, and then summed to obtain the 
new value of the first indicated pacing interval T n , which is stored in register 520 and 
provided to pacing control module 505. In one embodiment, the coefficients C and D 

20 are different from each other, and are either programmable, variable, or constant. In a 
further embodiment, the coefficient C is a different value from the coefficient A, and/or 
the coefficient D is a different value than the coefficient B, and these coefficients are 
either programmable, variable, or constant. In another embodiment, the coefficient D is 
the same value as the coefficient B. 

25 In one embodiment, operation of filter 515 is described by T n =A • AA n + B • T n . 

1, if AA n is concluded by an intrinsic beat, and is described by T n =C • AA n + D • T n -i, if 
AA n is concluded by a paced beat, where A, B, C and D are coefficients (also referred 
to as "weights"), AA n is the most recent A-A interval duration, T n is the new value of 
the first indicated pacing interval, and T n -i is the previous value of the first indicated 
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pacing interval. If no atrial beat is sensed during the new first indicated pacing interval 
T n , which is measured as the time from the occurrence of the atrial beat concluding the 
most recent A-A interval AA n , then pacing control module 505 instructs atrial therapy 
circuit to deliver an atrial pacing pulse upon the expiration of the new first indicated 
5 pacing interval T n . 

Another approach to operating filter 515 is illustrated in the signal flow graph of 
Figure 8. In this embodiment, the coefficients A, B, C, and D can be more particularly 
described using an intrinsic coefficient (a), a paced coefficient (b), and a weighting 
coefficient (w). In one such embodiment, A=a • w, B=(1-w), C=b • w, and D=(1-w). In 

10 one example, operation of the filter 515 is described by T n =a • w • AA n + (1-w) • T n -i, 
if AA n is concluded by an intrinsic beat, otherwise is described by T n =b • w • AA n +(1- 
w) • T n -i, if AA n is concluded by a paced beat. 

If no atrial beat is sensed during the new first indicated pacing interval T n , which 
is measured as the time from the occurrence of the atrial beat concluding the most 

1 5 recent A-A interval AA n , then pacing control module 505 instructs atrial therapy circuit 
to deliver an atrial pacing pulse upon the expiration of the new first indicated pacing 
interval T n . In one embodiment, the coefficients a and b are different from each other, 
and are either programmable, variable, or constant. 

The above-described parameters (e.g., A, B, C, D, a, b, w) are stated in terms 

20 of time intervals (e.g., AA n , T n , T n -i). However, an alternate system may produce 

results in terms of rate, rather than time intervals, without departing from the present 
method and apparatus. In one embodiment, weighting coefficient w, intrinsic 
coefficient a, and paced coefficient b, are variables. Different selections of w, a, and b, 
will result in different operation of the present method and apparatus. For example, as 

25 w increases the weighting effect of the most recent A-A interval AA n increases and the 
weighting effect of the previous first indicated pacing rate T n -i decreases. In one 
embodiment, w=1/16=0.0625. In another embodiment, w=1/32. Another possible 
range for w is from w=1/2 to w=1/1024. A further possible range for w is from about 0 
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to about. 1 . Other values of w, which need not include division by powers of two, may 
be substituted without departing from the present method and apparatus. 

In one embodiment, intrinsic coefficient a, is selected to be less than (or, 
alternatively, less than or equal to) 1.0. In one example, the intrinsic coefficient a is 
5 selected to be lesser in value than the pacing coefficient b. In one embodiment, a may 
be about.0.6 and b may be about 1.5. In another embodiment, a=1.0 and b=1.05. One 
possible range for a is from a=0.6 to a=1 .0, and for b is from b=1 .05 to b=1 .5. The 
coefficients may vary without departing from the present method and apparatus. 

In one embodiment, for a<1 .0, filter 515 provides a new first indicated pacing 
10 interval T n that is at least slightly shorter than the expected intrinsic A-A interval being 
measured by timer 515. Thus, filter 515 operates to promote atrial pacing by 
increasing the APP-indicated rate until it becomes slightly faster than the intrinsic atrial 
rate. The APP-indicated rate is then gradually decreased to search for the underlying 
intrinsic atrial heart rate. After a sensed atrial beat, the APP filter 515 again increases 
15 the APP indicated pacing rate until it becomes faster than the intrinsic atrial rate by a 
small amount. As a result, most atrial heart beats are paced, rather than sensed. 

The overdrive pacing as described above, or as implemented in connection with 
pacing one or more ventricles may be provided as therapy for disordered breathing. 
Additionally, such pacing therapy may be activated upon detection or prediction of 
20 disordered breathing. For example, pacing may occur at a programmed rate until a 
disordered breathing episode is detected. After detection of disordered breathing, the 
CRM device may switch to overdrive pacing to mitigate the disordered breathing. 

In another example, the CRM may deliver pacing at a programmed rate until 
patient conditions indicate that disordered breathing is likely to occur. After disordered 
25 breathing is predicted, the CRM may deliver overdrive pacing to prevent or mitigate 
episodes of disordered breathing. 

Although disordered breathing may occur while the patient is awake, it is most 
likely to occur during sleep. In another example, the CRM may be equipped with a 
sleep detection system. The CRM may switch from pacing at a programmed rate to 
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overdrive pacing when the CRM detects that the patient is asleep or when the CRM 
detects a particular sleep state, e.g., non-REM sleep. Methods and systems for 
detecting sleep and various sleep states are described in U.S. Patent Application 
Serial Number 10/309,771 (Docket Number GUID.064PA), filed December 4, 2002, 
5 and U.S. Patent Application Serial Number 10/643,006 (Docket Number 

GUID.060PA), filed August 18, 2003, both of which are incorporated herein by 
reference. 

Figure 9 is a block diagram illustrating generally, by way of example, but not by 
way of limitation, another conceptualization of portions of controller 425, with certain 

10 differences from Figure 5 more particularly described below. In Figure 9, controller 
425 receives from a disordered breathing therapy control circuit a control signal 
indicating an overdrive pacing rate for disordered breathing therapy. The signal may 
be based, for example, on the severity, duration, frequency or type of disordered 
breathing experienced by the patient, or by other factors, such as therapy interaction 

15 and/or patient comfort. In one example, the control signal may be based on a 
disordered breathing index, such as an apnea/hypopnea index. The disordered 
breathing therapy pacing rate is expressed in terms of a second indicated pacing 
interval stored in register 910. Methods and systems for determining various indices 
related to disordered breathing that may be useful in determining an impact of cardiac 

20 pacing on sleep quality and in providing cardiac pacing therapy for disordered 

breathing are described in commonly owned U.S. Patent Application Serial Number 
10/642,998 (Docket Number GUID.058PA), filed August 18, 2003, which is 
incorporated herein by reference. 

Pacing control module 905 delivers a control signal, which directs atrial therapy 

25 circuit to deliver a pacing pulse, based on either (or both) of the first or second 
indicated pacing intervals, stored in registers 920 and 910, respectively. In one 
embodiment, pacing control module 905 includes a selection module 915 that selects 
between the new first indicated pacing interval T n and the second indicated pacing 
interval that is modulated by disordered breathing conditions. 
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In one embodiment, selection module 925 selects the shorter of the first and 
second indicated pacing intervals as the selected indicated pacing interval S n . If no 
atrial beat is sensed during the selected indicated pacing interval S n , which is 
measured as the time from the occurrence of the atrial beat concluding the most 
5 recent A-A interval AA n , then pacing control module 905 instructs atrial therapy circuit 
to deliver an atrial pacing pulse upon the expiration of the selected indicated pacing 
interval S n . 

In general terms, for this embodiment, the atrium is paced at the higher of the 
disordered breathing therapy rate and the APP-indicated rate. If, for example, the 

10 patient is experiencing no disordered breathing or only mild disordered breathing, the 
disordered breathing therapy rate is lower than the patient's intrinsic rate, then atrial 
pacing pulses will be delivered at the APP-indicated rate, which is typically slightly 
. higher than the patient's intrinsic atrial heart rate. But if, for example, the patient is 
experiencing more significant disordered breathing, so that the disordered breathing 

1 5 therapy rate is higher than the APP-indicated rate, then pacing pulses generally will be 
delivered at the disordered breathing therapy rate. In an alternative embodiment, the 
pacing rate is determined by blending the disordered breathing therapy rate and the 
APP-indicated rate, rather than by selecting the higher of these two indicated rates 
(i.e., the shorter of the first and second indicated pacing intervals). In one such 

20 example, selection module 915 applies predetermined or other weights to the first and 
second indicated pacing intervals to compute the selected pacing interval S n . 

Figure 10 is a graph illustrating generally, by way of example, but not by way of 
limitation, one embodiment of an APP-indicated rate for successive atrial heart beats 
for one mode of operating filter 515. As discussed above, the APP-indicated rate is 

25 simply the frequency, between atrial heart beats, associated with the first indicated 
pacing interval. Stated differently, the APP indicated rate is inversely related to the 
duration of the first indicated pacing interval. If pacing is based solely on the APP 
indicated rate, pacing control module 505 directs atrial therapy circuit to issue a pacing 
pulse after the time since the last atrial beat equals or exceeds the first indicated 
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pacing interval. However, as described above, in certain embodiments, pacing control 
module 505 directs atrial therapy circuit to issue a pacing pulse based on factors other 
than the APP indicated rate such as for, example, based on the severity of disordered 
breathing experienced by the patient. 
5 In the example illustrated in Figure 10, a first paced atrial beat, indicated by a 

"P" was issued upon expiration of the first indicated pacing interval (i.e., the APP 
indicated pacing interval) T 0 , as computed based on a previous atrial beat. In one 
embodiment, the new APP indicated pacing interval T-i is computed based on the 
duration of most recent A-A interval AAi and a previous value of the APP indicated 

10 pacing interval T 0 , as discussed above. In Figure 10, the new APP indicated pacing 
interval T<\ corresponds to a lower rate limit (LRL) time interval. In one embodiment, as 
illustrated in Figure 10, the allowable range of the APP indicated pacing interval is 
limited so that the APP indicated pacing interval does not exceed the duration of the 
LRL time interval, and so that the APP indicated pacing interval is not shorter than the 

1 5 duration of an upper rate limit (URL) time interval. 

In the example of Figure 10, the second atrial beat is also paced upon 
expiration of the APP indicated pacing interval Tl In one embodiment, the new APP 
indicated pacing interval T 2 is computed based on the duration of most recent A-A 
interval AA 2 and a previous value of the APP indicated pacing interval, Ti, as 

20 discussed above. The first and second atrial beats are paced beats because the APP 
indicated atrial heart rate is higher than the underlying intrinsic atrial heart rate. 

The third atrial beat is sensed well before expiration of the APP indicated 
pacing interval T 2 , such that no pacing pulse is issued. For the sensed third atrial 
beat, filter 515 computes the new APP indicated pacing interval T 3 as being shorter in 

25 duration relative to the previous APP indicated pacing interval T 2 . 

The fourth, fifth, and sixth atrial beats are sensed before expiration of the APP 
indicated pacing interval T 3 , T 4 , and T 5 , respectively. For each of the sensed fourth, 
fifth, and sixth atrial beats, filter 515 computes a new APP indicated pacing interval as 
being shorter in duration relative to the previous APP indicated pacing interval. 
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At the time of the seventh atrial beat, the APP indicated heart rate has 
increased above the underlying intrinsic atrial heart rate, such that the seventh atrial 
beat is paced upon expiration of the APP indicated pacing interval T 6 . Because the 
seventh atrial beat is paced, rather than sensed, the new APP indicated pacing 
5 interval T 7 is computed as being longer than the previous APP indicated pacing 
interval T 6 . 

Similarly, the eighth and ninth atrial beats are each paced upon expiration of the 
corresponding APP indicated pacing interval, i.e., T 7l and T 8 , respectively. Each APP 
indicated pacing interval T 7l and T 8 is longer than the corresponding previous APP 
10 indicated pacing interval, i.e., T 6 , and T 7 , respectively. In this way, the APP indicated 
atrial heart rate is gradually decreased to search for the underlying intrinsic atrial heart 
rate. 

At the time of the tenth atrial beat, the APP indicated heart rate has been 
lowered sufficiently to allow the sensing of the tenth atrial beat. The tenth atrial beat is 

15 sensed before expiration of the APP indicated pacing interval T 9 , such that no pacing 
pulse is issued. For the sensed tenth atrial beat, filter 515 computes the new APP 
indicated pacing interval Ti 0 as being shorter in duration relative to the previous APP 
indicated pacing interval T 9 . 

The eleventh atrial beat is paced upon expiration of the APP indicated pacing 

20 interval Ti 0 . For the paced eleventh atrial beat, filter 515 computes the new APP 
indicated pacing interval Tn as being longer in duration relative to the previous APP 
indicated pacing interval T 10 . Similarly, the twelfth and thirteenth atrial beats are each 
paced upon expiration of the corresponding APP indicated pacing interval, i.e., Tn, 
and Ti 2 , respectively. Each APP indicated pacing interval Ti 2 , and Ti 3 is longer than 

25 the corresponding previous APP indicated pacing interval, i.e., Tn, and T 12 , 

respectively. In this way, the APP indicated atrial heart rate is gradually decreased to 
find the underlying intrinsic atrial heart rate. 

The fourteenth atrial beat is sensed before expiration of the APP indicated 
pacing interval T13, such that no pacing pulse is issued. For the sensed fourteenth 
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atrial beat, filter 515 computes the new APP indicated pacing interval Tu as being 
shorter in duration relative to the previous APP indicated pacing interval T 13 . 

The fifteenth atrial beat is paced upon expiration of the APP indicated pacing 
interval T 14 . For the paced fifteenth atrial beat, filter 515 computes the new APP 
5 indicated pacing interval T 15 as being longer in duration relative to the previous APP 
indicated pacing interval T 14 . 

The intrinsic coefficient a of filter 515 controls the "attack slope" of the APP 
indicated heart rate as the APP indicated heart rate increases because of sensed 
intrinsic beats. The paced coefficient b of filter 515 controls the "decay slope" of the 

10 APP indicated heart rate as the APP indicated heart rate decreases during periods of 
paced beats. In one embodiment, in which a<1.0 and b> 1.0, decreasing the value of a 
further beneath 1 .0 increases the attack slope such that the APP indicated rate 
increases faster in response to sensed intrinsic beats, while decreasing the value of b 
toward 1.0 decreases the decay slope such that the APP indicated rate decreases 

15 more slowly during periods of paced beats. Conversely, for a<1 .0 and b>1.0, 

increasing the value of a toward 1 .0 decreases the attack slope such that the APP 
indicated rate increases more slowly in response to sensed intrinsic beats, while 
increasing the value of b from 1 .0 increases the decay slope such that the APP 
indicated rate decreases more quickly during periods of paced beats. 

20 In one embodiment, for a<1 .0 and b>1 .0, decreasing both a and b increases the 

APP indicated rate such that the APP indicated rate is higher above the mean intrinsic 
rate. Because the APP indicated rate is higher, variability in the intrinsic heart rate is 
less likely to result in sensed events. On the other hand, for a<1 .0 and b>1 .0, 
increasing both a and b decreases the APP indicated rate such that it is closer to, the 

25 mean intrinsic rate. Because the APP indicated rate is closer to the mean intrinsic 
rate, the same degree of variability in the intrinsic heart rate is more likely to result in 
sensed events. Thus, by adjusting the coefficients of filter 515, as discussed above, it 
is possible to obtain more intrinsic beats than paced beats for a particular degree of 
variability in the patient's heart rate.* 
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In one embodiment, these coefficients are programmable by the user, such as 
by using remote programmer. In another embodiment, the user selects a desired 
performance parameter (e.g., desired degree of overdrive pacing, desired attack 
slope, desired decay slope, etc.) from a corresponding range of possible values, and 
5 CRM device automatically selects the appropriate combination of coefficients of filter 
515 to provide a filter setting that corresponds to the selected user-programmed 
performance parameter, as illustrated generally by Table 5. Other levels of 
programmability or different combinations of coefficients may also be used. 
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TABLE 5 



Example of Automatic Selection of Aspects of Filter Setting Based on a 
User-Programmable Performance Parameter. 

5 



User-Programmable Performance 
Parameter 


Intrinsic Coefficient a 


Paced Coefficient b 


1 (Less Aggressive Attack/Decay) 


1.0 


1.05 


2 


0.9 


1.2 


3 


0.8 


1.3 


4 


0.7 


1.4 


5 (More Aggressive Attack/Decay) 


0.6 


1.5 



Figure 10 illustrates that sensed atrial beats increase the APP indicated rate by 
an amount that is based on the sensed atrial heart rate. Thus, for an abrupt and large 
increase in sensed atrial rate, the APP indicated rate will increase faster than for a 

10 slower and smaller increase in sensed atrial heart rate. However, increases in the APP 
indicated rate do not depend solely on the sensed atrial heart rate. Instead, such 
increases in the APP indicated heart rate also depend on the previous value of the 
APP indicated heart rate. This provides a smoothing function so that the APP indicated 
heart rate is not overly sensitive to a single extremely premature atrial beat, changes 

1 5 in the atrial rate are more gradual, and the degree of such rate changes is 

programmably adjustable, as described above. Moreover, in one embodiment, filter 
515 operates continuously to provide continuous rate adjustment based on the APP 
indicated rate. 

Figure 1 1 is a graph illustrating generally, by way of example, but not by way of 
20 limitation, one embodiment of selecting between more than one indicated pacing 
interval. Figure 1 1 is similar to Figure 10 in some respects, but Figure 1 1 includes a 
second indicated pacing interval. In one embodiment, the first indicated pacing interval 
is the APP indicated pacing interval, described above, and the second indicated 
pacing interval is a disordered breathing therapy pacing interval, based on the 
25 severity, frequency, duration, type, or other parameter of disordered breathing 
experienced by the patient. 
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In one embodiment, a selected indicated pacing interval is based on the shorter 
of the first and second indicated pacing intervals. Stated differently, CRM device 
provides pacing pulses at the higher indicated pacing rate. In the example illustrated in 
Figure 1 1 , the first and second beats and the eighth through fifteenth beats are paced 
5 at the disordered breathing therapy indicated rate, because it is higher than the APP 
indicated atrial rate and the intrinsic (sensed) atrial rate. The third, fourth, fifth and 
sixth atrial beats are sensed intrinsic beats that are sensed during the shorter of either 
of the APP and sensor indicated pacing intervals. The seventh beat is paced at the 
APP indicated rate, because it is higher than the disordered breathing therapy 

10 indicated rate, and because no intrinsic beat is sensed during the APP indicated 

interval T 6 . In this embodiment, the ranges of both the sensor indicated rate and the 
APP indicated rate are limited so that they do not extend to rates higher than the URL 
or to rates lower than the LRL. In one embodiment, the above-described equations for 
filter 515 operate to increase the APP indicated rate toward the disordered breathing 

15 therapy indicated rate when the sensor indicated rate is greater than the APP 

indicated rate, as illustrated by first through third and eighth through fifteenth beats in 
Figure 11. In an alternate embodiment, however, T n =b • w • AA n +(1-w) • T n -i, if AA n 
is concluded by a APP indicated paced beat, and T n =T n -i if AA n is concluded by a 
disordered breathing therapy indicated paced beat, thereby leaving the APP indicated 

20 rate unchanged for disordered breathing therapy indicated paced beats. In one 

embodiment, the LRL and the URL are programmable by the user, such as by using 
remote programmer. 

In one embodiment, filter 515 includes variable coefficients such as, for 
example, coefficients that are a function of heart rate (or its corresponding time 

25 interval). In one example, operation of the filter 51 5 is described by T n =a • w • AA n 
+(1-w) • T n -i, if AA n is concluded by an intrinsic beat, otherwise is described by T n =b 
• w • AA n +(1-w) • T n -i, if AA n is concluded by a paced beat, where at least one of a 
and b are linear, piecewise linear, or nonlinear functions of one or more previous A-A 
intervals such as, for example, the most recent A-A interval, AA n . 
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Figure 12 is a graph illustrating generally, by way of example, but not by way of 
limitation, one embodiment of using at least one of coefficients a and b as a function of 
one or more previous A-A intervals such as, for example, the most recent A-A interval, 
AA n . In one such example, a is less than 1 .0 when AA n is at or near the lower rate limit 
5 (e.g., 1000 millisecond interval or 60 beats/minute), and a is greater than 1 .0 when 
AA n is at or near the upper rate limit (e.g., 500 millisecond interval or 120 
beats/minute). For a constant b, using a smaller value of a at lower rates will increase 
the pacing rate more quickly for sensed events; using a larger value of a at higher 
rates increases the pacing rate more slowly for sensed events. In another example, b 

10 is close to 1 .0 when AA n is at or near the lower rate limit, and b is greater than 1 .0 

when AA n is at or near the upper rate limit. For a constant a, using a smaller value of b 
at lower rates will decrease the pacing rate more slowly for paced events; using a 
larger value of b at higher rates decreases pacing rate more quickly for paced events. 
The above-described system provides, among other things, a cardiac rhythm 

15 management system including an atrial pacing preference (APP) filter for promoting 
atrial pacing. The APP filter controls the timing of delivery of atrial pacing pulses. The 
atrial pacing preference pacing may be initiated upon detection or prediction of 
disordered breathing, for example, to provide overdrive pacing to terminate or mitigate 
occurrences of disordered breathing. 

20 The atrial pacing pulses are delivered at a first indicated pacing rate, i.e., the 

APP-indicated rate, that is typically at a small amount above the intrinsic atrial heart 
rate. For sensed beats, the APP indicated pacing rate is increased until it becomes 
slightly faster than the intrinsic atrial heart rate. The APP-indicated pacing rate is then 
gradually decreased to search for the underlying intrinsic atrial heart rate. Then, after a 

25 sensed atrial beat, the APP filter again increases the APP indicated pacing rate until it 
becomes faster than the intrinsic atrial rate by a small amount. As a result, most atrial 
heart beats are paced, rather than sensed. 

Although the preceding discussion contemplates providing atrial overdrive 
pacing for disordered breathing therapy, similar processes for providing ventricular 
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overdrive pacing or bi-ventricular overdrive pacing may be implemented. The pacing 
rate may be adjusted based on characteristics of the disordered breathing experienced 
by the patient. For example, the overdrive pacing may be modulated by the type, 
severity, frequency, and/or duration of the disordered breathing. 
5 Further, the smoothed pacing rate may be limited. For example, the pacing rate 

may be capped or limited before therapy is delivered. In another implementation, the 
intrinsic input interval may be limited to some predetermined value. The 
predetermined may be set by the physician or may be determined from other 
variables. By limiting the input intrinsic interval, the output pacing rate is limited. 
10 Limiting the smoothed pacing rate may be useful in managing atrial fibrillation or 
flutter, for example. 

Methods and systems for providing rate regularization for atrial and ventricular 
pacing that may be used to implement disordered breathing therapy in accordance 
with embodiments of the present invention are described in commonly owned U.S. 
1 5 Patents 6,351 ,669, 6,353,759, and 6,285,907, which are incorporated herein by 
reference. 

Various modifications and additions can be made to the preferred embodiments 
discussed hereinabove without departing from the scope of the present invention. 
Accordingly, the scope of the present invention should not be limited by the particular 
20 embodiments described above, but should be defined only by the claims set forth 
below and equivalents thereof. 
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